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Abstract 
In our project we used Flow Injection combined with Multivariate Analysis to determine the 
concentration of Calcium and Magnesium in Water. We used the dye Arsenazo III, which complexes 
with these two metal ions and subsequently changes colour. The colour change was then measured 
in a spectrophotometer, which gave a spectrum with a peak for calcium at around 600-670 nm and 
for magnesium from 580-630 nm. Concentrations of calcium and magnesium in naturally occurring 
waters range from 70 to 530 ppm, whereas the concentrations we were working with were 0.089-4.5 
ppm for calcium and 0.054-2.6 ppm for magnesium. We analysed the data in the Unscrambler 8.0 
Upgrade. The mathematical method that we used was PLS1 (Partial Least Squares) regression.  
In our project we did not get conclusive results. In the Discussion we suggest several reasons for that. 
Our main concern was the purity of chemical substances we used for preparation of the carrier 
solution. Other possibilities, among others, include a wrong choice of multivariate calibration method 
(PLS1 instead of PLS2), imprecise assumptions regarding our dye. If we were to repeat this experiment, 
we would try to change the aforementioned aspects.  However, we believe the combination of flow 
injection and spectrophotometry is an economical and relatively easy solution for testing water 
samples on a big scale. We could also try another analytical method (e.g. Ion Chromatography, FAAS). 
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Introduction 
The main goal of our project was to establish a method of combining flow injection analysis (FIA) with 
multivariate calibration. When performing batch analysis, you get only one (peak) value from one 
sample. Even though the measurement for each sample may not take long, the amount of time spent 
increases significantly with the number of elements and samples. If we would like to measure a wider 
range of concentrations, by making a matrix of 5 calcium and 5 magnesium concentrations, it would 
mean making 25 samples. FIA allows us to cover the whole range with just 3 flow injections. From 
each peak made by the FIA we take 7-9 different points, instead of just one. Even though these points 
are statistically dependent on each other, we can use special software to use them in calculations as 
separate measurements. This way we would get results of the same significance with less time and 
reagents spent. The main challenge of this project was to test the parameters and calibrate 
instruments to ensure the method gave precise and accurate results.  
Along the way we also had a problem with the purity of one of the components used – Borax. It took 
us considerable amount of time trying to purify it – this is described in the Results and Discussion 
sections. This unexpected obstacle stopped us from completing the goal of the project and is the 
reason why in Theory and Methods there are paragraphs on ion purification. 
Below, you will find an introduction to the topic of detecting metals in water, as well as descriptions 
of each of report’s section. 
Drinking water is a limited resource. Even though 2/3 of the planet is covered in water, most of that 
water is sea water. For water to be fit for consumption it has to meet certain quality requirements. 
They include, among others, abundance of chemical substances. Concentrations of some chemicals, 
like arsenic or benzene, should be generally as low as possible (preferably not present at all), as even 
very small concentrations can have adverse effect on human health. On the other hand, some 
substances, mostly elements like calcium, magnesium or potassium, are necessary for human health. 
The human body needs certain amounts to function properly, so a too low or too high intake can cause 
problems. As water is a major part of every human diet, it contributes significantly to the intake and 
therefore should be monitored closely. To monitor water efficiently, it is necessary to test it regularly, 
which requires a lot of resources. For that reason, it is important to have a method that is fast and 
cheap to implement and use. 
In our project we focus on spectrophotometric analysis combined with flow injection. Our goal was to 
implement this method to test the abundance of calcium and magnesium in drinking water. This 
technique is relatively cheap and less complex compared to other available methods, e.g. ion 
chromatography or mass spectroscopy. This project gave us opportunity to learn about the principles 
of spectrophotometry, continuous flow measurements and ways to treat collected data efficiently. 
This in turn lead us to the topic of multivariate calibration, which we used to investigate samples with 
two variables – that is, varying concentrations of two ions (calcium and magnesium). 
The first method we used was spectrophotometry. Spectrophotometry is the measure of light 
reflectance and absorption. As different compounds absorb different wavelengths of light in different 
amounts, it is possible to use spectrophotometry to determine what type of compound you have. It is 
also possible to determine how much of the compound there is due to the fact that more compound 
will lead to more light being absorbed. 
While spectrophotometry is a well-established analytical method, flow injection is a rather young 
branch of analytical chemistry. It is a type of continuous flow measurement, where a sample is injected 
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into a carrier stream (solvent).  A basic flow injection setup consists of a pump, injector valve and 
detector connected by tubes. We will describe it in more detail in the Theory section.  
The data from flow injection analysis is handled by a computer using multivariate calibration. It is a 
mathematical technique that allows to find covariance of variables in a data set. However, if what you 
wish to measure impacts the data too similarly then multivariate calibration will not work. Because 
this method is advanced we used a computer program called Unscrambler to do the calibration. We 
describe the calibration process in detail in the Theory section.  
In the experimental part of our project we set up a flow injection system and tested samples with 
known concentrations to establish a standard curve that we could use to determine concentration in 
future samples. We treated our data using multivariate calibration. During the course of our 
experiments we had difficulties with determining the standard curve. After some tests we determined 
that it was due to metal impurities in the carrier solvent we used (borax). In an effort to remove the 
contaminants we have tried several ion purification methods. Data from the initial tests can be found 
in the Results. For more information about purification techniques see the Methods section.  
As a last part come discussion and conclusion. In the Discussion we consider different sources of 
uncertainty in our experiments and try to interpret the results. Among others, we analyse the 
mathematical aspects of our project, discuss the impact of calcium and magnesium on the spectrum, 
alternative methods of ion detection and the limits of our setup. In the end we draw conclusions from 
our results and discussion.  
WHO guidelines for chemicals in water and short manual of the spectrophotometer computer 
program can be find in the Appendix. 
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Theory 
Flow Injection Analysis 
Flow Injection Analysis (FIA) was developed in mid-1970s by Jaromir Ruzicka and Elo Harald Hansen as 
a new method of chemical analysis. At that time the FIA was an innovative idea, for several reasons. 
First of all, it opposed the traditional batch chemistry methods. These methods are based on chemical 
analysis done 'by hand' in laboratory, using glassware and (often) considerably large amounts of 
reagents. FIA is performed in a flow reactor, where the samples (as little as a few microliters) are 
injected into tubes which, when combined, allow the reactants to mix. This does not involve 
mechanical stirring, necessary in batch chemistry, and it is seen as an advantage of FIA over batch 
analysis. (Ruzicka, Hansen, 1988) 
Second of all, development of the Flow Injection Analysis was a step towards automation of chemical 
analysis. The chemical reactions do not require an analyst's full attention any more, and only 
supervision over the FIA device is needed. The automation is followed by the optimization of 
processes. As mentioned before, smaller amounts of sample can be used, with the same result as in 
the batch chemistry. Moreover, an analyst can control the reaction time by varying the pressure inside 
the tubes, impossible in case of the traditional analytical chemistry. It is the liquid delivery units 
(pumps) that apply pressure in the tubing, and by changing the flow rate of the pump, the pressure 
can be adjusted. Its magnitude is usually below 7 psi (0.48 atm). Higher pressure can be achieved by 
incorporating HPLC pumps (used in High Performance Liquid Chromatography) in a FIA setup. 
(Karlberg, Pacey, 1989) 
All these innovative aspects of The FIA were a reason why it was met with resentment and scepticism, 
which changed over time. The development of the FIA meant also trying to understand the 
mechanisms of continuous flow reactions, with samples reacting without homogeneous mixing 
(present in traditional batch methods).  
Below we present the principles of FIA, as well as a typical setup, terms needed to describe the flow 
reactions and different types of FIA. 
Principles of flow injection analysis 
There are three basic elements of Flow Injection Analysis: sample injection, control over timing and 
control over dispersion of the sample in the FIA apparatus. We will shortly elaborate on them. 
(a) Sample injection 
The purpose of the sample injection is to place a sample, well defined in terms of amount, volume, 
viscosity, etc., into a continuously moving medium, called a carrier, in such a way that the overall 
stream is not disturbed. That is, the flow variables should not change during the injection nor after it. 
(Ruzicka, Hansen, 1988) 
(b) Reproducible timing 
As mentioned in the introduction, mixing in the FIA apparatus is not homogeneous. Moreover, the 
time between sample injection and detection is usually under a minute, and so the mixing is not 
complete and the equilibrium of the reaction is not reached (Karlberg, Pacey, 1989). That is why the 
time of the reaction must be measured precisely, so that the same reaction, repeated under the same 
flow circumstances, can give the same result. 
Reproducibility is an important aspect of automated methods. The calibration of apparatus ensures 
the reproducibility. (Ruzicka, Hansen, 1988) 
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(c) Controlled dispersion 
The fathers of FIA, Hansen and Ruzicka, observed that once the sample is injected and reproducible 
timing achieved, the 'sample zone' (space occupied by the sample) spreads out in the same pattern 
every time. After analysing the peak shapes and heights in a series of experiments, it became obvious 
that the sample zone expands or dilutes reproducibly. Hansen and Ruzicka called this phenomenon 
dispersion. Dispersion is defined as an amount that the chemical signal is reduced by injecting a sample 
zone into a FIA system. A mathematical representation of dispersion is 
𝐷 =
𝐶0
𝐶𝑀𝑎𝑥
 
EQUATION 1:DISPERSION 
where D is the dispersion coefficient at the peak maximum produced by the ratio between C0, the 
concentration of a pure sample, and Cmax, the concentration of that same injected sample as it passes 
through the detector. (Ruzicka, Hansen, 1988) 
The analyst has a complete control over the dispersion coefficient, because D depends on the design 
of manifold through which the sample passes. 
Dispersion is a form of mass transfer along an FIA tube. There is also a mass transfer across a tube, 
perpendicular to the flow. This is due to diffusion and convection. Diffusion is a process driven by a 
difference in concentration, whereas convection is driven by pressure difference, centrifugal and 
other external forces. The mass transfer in this radial direction (towards the walls of the tube) 
decreases the dispersion along the tube. (Karlberg, Pacey, 1989) 
The dispersion can be also 
modified by coiling or 
knitting the tube (most 
common modifications), 
imprinting the tube in a 
sinusoidal shape or inserting 
inert beads into the tube. 
The mass transfer in the 
axial direction (along the 
tube) is slower for a bent 
tube and a mixture in such a 
tube has more time to react. 
(Ruzicka, Hansen, 2016) See 
Fig. 1 
  
FIGURE 1: DIFFERENT WAYS TO CHANGE THE DISPERSION: BY A) COILING THE 
TUBE, B) KNITTING IT, C) BENDING IT IN FORM OF A SINE FUNCTION, D) 
PLACING BEADS IN IT 
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Typical FIA setup and setup components 
The Flow Injection setup depends on the reaction that an analyst wants to test. However, there are a 
few basic components common for all FIA setups. Fig. 2 shows the scheme of a basic Flow Injection 
Analysis setup. 
First, there are two separate streams, one of a reagent that will later react with the sample, and one 
of a carrier which will 'carry' the injected sample from the valve to the point of mixing. Because both 
streams are run by the same pump, the flow variables describing them have the same values. These 
streams flow through the tubes until the point where the tubes connect. Here the mixing begins and 
it continues along the tube until the 'mixed zone' reaches the detector. After that the liquid is 
disposed. (Karlberg, Pacey, 1989) 
Nowadays, FIA systems are computerized and the scheme above looks slightly more advanced (see 
Fig. 3). 
We will now describe different components of FIA apparatus. There is one important characteristic of 
all the components – they must ensure reproducibility.  
First of all, there are the preparation of solutions (together with their storage). Flow Injection Analysis 
can only be used for liquid samples, because solid elements can clog the apparatus and both solid and 
gaseous (e.g. bubbles) elements in the setup increase randomness of the result. Therefore, all 
solutions must be filtered and degassed before use. There is an exception to this rule – there is a 
technique called air segmentation, when the air is introduced to the system on purpose, to separate 
FIGURE 2: A BASIC SCHEME OF FLOW INJECTION ANALYSIS SETUP; BASED ON (KARLBERG, PACEY, 1989) 
FIGURE 3: A SCHEME OF A BASIC FIA SETUP, INCLUDING THE ROLE OF A COMPUTER; BASED ON (KARLBERG, 
PACEY, 1989) 
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the samples and increase chemical equilibrium in the flow. This however includes a controlled addition 
of air and it is not equivalent to air dissolved in the sample before injection. 
It is important that the walls of the tubes do not react with any of the solutions used. Therefore, they 
are made of an inert material, e.g. polypropylene, Teflon (PTFE) or polyvinyl chloride (PVC). 
Pumps are a crucial component of a FIA system, because they propel a fluid. A formal name of a pump 
is a Liquid Delivery Unit. There are three main types of liquid delivery units: pressurized bottle, 
peristaltic pump and syringe pump. In our experiment we used a peristaltic pump. 
Another important part of the FIA setup is an injector. It has to transport a defined and reproducible 
volume of a sample from outside the system into the carrier stream. There are two types of injectors: 
rotary valve and syringe injectors, of which the first is widely used. A rotary valve is an electronic 
component whereas a syringe injector involves manual injection of a sample by a technician. 
Manifold is a skeleton of a setup. It has to be a rigid structure, but possible to modify during the 
experiment. It is usually made of Plexiglas. Typical tube connections within the manifold (the 
'crossroads of tubes) are called tees. The structure of a manifold depends on the purpose of an 
experiment (mixing/dilution/dialysis, etc.). 
Finally, there is a number of different analysers and detectors on the market. They are complex 
electronic devices that produce a signal based on the properties of the mixture in the manifold 
(analysers) and interpret the signals in terms of peak heights and areas (detectors). The analysers work 
on a range of chemical substances (e.g. specific organic compounds, specific ions) and a range of 
properties (e.g. potentiometric, colorimetric, conductivity detectors). 
There are of course other components that are used in FIA setups, e.g. column reactors. We will not 
describe them, because our focus is on the basic components of the flow injection analysis. (Karlberg, 
Pacey, 1989) 
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Aspects of FIA /glossary 
There are a number of terms that are often used when describing the processes in Flow Injection 
Analysis. We decided to compile a glossary which includes some of them. (Karlberg, Pacey, 1989) 
(Westgard QC, 2009) 
analyte – a chemical substance that is the subject of analysis; 
sample matrix – the part of the sample which is not the analyte of interest; e.g. solvent, impurities; 
analytical range (or working range) - the range of numerical results a particular analytical method can 
yield, e.g. range of concentrations or masses; 
selectivity of a FIA method – ability of a particular method to detect a type of substance despite a 
possible 'noise' from another substance present in a sample; 
sensitivity of a method – the detection limit of a method; how low can a concentration be to still be 
detected; 
sample throughput – a rate at which a sample is 'processed' by an analytical method; in general, the 
higher the throughput the better; 
expected matrix effects – undesired phenomena appearing in the results, for instance 'false' peaks; 
they can happen due to e.g. inefficient mixing;   
baseline (and baseline stability) - a line serving as a basis for a measurement; if a noise is significant, 
the baseline becomes unstable; 
Linearity – non-ideal detector response can give a graph which is not a continuous plot; in general, 
linear plot is a good result (although there are many criteria for a good quality of a result) 
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FIA techniques 
According to the classical text by Ruzicka and Hansen (Ruzicka, Hansen, 1988), there are several flow 
injection techniques that can be used, and they were designed to handle various analytical tasks. This 
results in different complexity of the FIA setups. 
First of all, FIA manifolds can be single lined or two- and multi lined, which depends on a number of 
samples an analyst wants to test simultaneously or a dispersion the analyst strives for. 
High-sensitivity FIA is a technique used for samples which demand a higher level of sensitivity. The 
sensitivity can be increased in several ways. E.g. a special flow arrangement, in which first the pure 
solvent is injected into the carrier stream, then the reagent is added 'downstream', avoiding dilution 
of the sample on the way. Others methods are: increasing the sample volume and the sensitivity of 
the recorder. 
Stopped-flow measurement is a widely used gradient technique. This FIA approach is particularly 
useful in recording reaction rates and, again, increasing the sensitivity of the measurement. The 
velocity of the carrier stream is decreased to an extreme, when the flow stops. At this instant the 
dispersion process also stops, and the dispersion coefficient becomes independent of time. Adjusting 
the stop-go intervals, an analyst can determine the reaction time during the stop period. 
The last two techniques that we will introduce were developed primarily to lower the cost of FIA 
operation. First of them, intermittent pumping is achieved by using one pump instead of two in the 
FIA system (one for pumping carrier stream and one for pumping the reagent stream, see Typical FIA 
setup and setup components section), which can e.g. shorten the washout process between sampling. 
Merging zones, injecting discrete zones of reagent and sample, again speeds up the sampling process. 
Moreover, by merging zones a different concentration gradient between the sample zone, reagent, 
and carrier stream can be obtained and studied. There are many variations of this technique. 
There are of course other Flow Injection methods, but we will not describe them. More information 
can be found in texts by Ruzicka and Hansen, as well as other sources listed in our bibliography. 
(Ruzicka, Hansen, 1988) 
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Spectrophotometry 
Principles 
Spectrophotometry is another qualitative analytical method, widely used in chemistry. It comes from 
the observation that the intensity of a sample's colour is proportional to its concentration, and under 
the right conditions, can be its measure.   
As previously mentioned (see Chemical elements in drinking water: Usual methods of detection 
section), spectrophotometry is a type of colorimetry. They are both methods that use the same 
phenomenon – intensity of a sample's colour. The main difference between them is that colorimetry 
is limited to the visible range of light, whereas spectrophotometry can be used also in UV and IR 
ranges. What is more, within the human-visible light wavelengths, colorimetry quantifies colour by 
determining the intensity of the three primary colour components (red, green, blue), while 
spectrophotometry measures the precise colour. 
To understand the process behind spectrophotometry, you need to know the nature of light. Light is 
a form of electromagnetic radiation. It consists of different wavelengths and when a beam of light 
meets an object in space, some of these wavelengths can be reflected, while others are absorbed or 
(in case of partly transparent objects) pass through it and continue propagating in space. The second 
phenomenon is a focus of spectrophotometry. We know that different colours correspond to certain 
wavelengths being absorbed or transmitted. By passing light through a sample we can get a spectrum 
of wavelengths and respective absorbance of light, being a 'fingerprint' for the measured sample. 
(Marczenko, Balcerzak, 2000) 
The proportion of intensities of the initial light and transmitted light (see Fig. 4) gives a value of 
absorbance. For simplification, the logarithm of the ratio is taken. 
𝐴 = − log (
𝑃
𝑃0
) 
EQUATION 2: ABSORBANCE 
 
FIGURE 4: WHEN A BEAM OF LIGHT STRIKES AN OBJECT, IT IS EITHER REFLECTED, ABSORBED OR TRANSMITTED 
It is so that as the concentration of the sample increases, the absorbance of the light cast on it rises. 
To ensure that no other variables influence the absorbance, the lengths of the containers with samples 
must be the same. After including a constant dependent on the molarity of a sample (an intrinsic 
property of a sample), one arrives at the Beer-Lambert's law (also called Beer–Lambert–Bouguer law) 
(Marczenko, Balcerzak, 2000) 
𝐴 = 𝜀 ∗ 𝑙 ∗ 𝑐 
EQUATION 3: BEER-LAMBERT'S LAW 
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where 
c – concentration of a sample, in mol/litre, 
l – length of the path of the light through a container (usually a 1-centimeter-long cuvette), in cm, 
ε – proportionality constant, with unit of L/(mol • cm), 
A is a dimensionless number. 
Absorption is additive, that is, for the constant optical path length l, we can express a total absorbance 
of a multicomponent system as 
𝐴𝑡𝑜𝑡𝑎𝑙 = (𝜀1 ∗ 𝑐1 + 𝜀2 ∗ 𝑐2 +⋯+ 𝜀𝑛 ∗ 𝑐𝑛) ∗ 𝑙 
EQUATION 4 
Spectrophotometric analysis 
A general approach for spectrophotometric analysis is to first find the 'fingerprint' absorption spectra 
of a substance and then determine its concentration. 
The output of a spectrophotometric measurement is an absorption spectrum. It is a plot of the 
sample's light absorbance at various wavelengths, usually in the range of visible light (about 390-700 
nm). 
According to Beer-Lambert's law, the absorbance of light at any wavelength is proportional to the 
concentration of the sample. An analyst has to decide on one wavelength that will be used for 
quantitative estimation of concentration. It is favourable to choose a 'peak' on a fingerprint absorption 
spectrum, because it is more accurate to operate with representative peaks than uncharacteristic 
regions of the spectra at low concentrations. 
Once such a wavelength is chosen, an analyst can proceed to a calibration plot. It is a plot of 
absorbance (on y axis) versus concentration (on x axis) and it is based on data from experiments with 
standard solutions, where the concentrations are known. The plotted data should give a straight line. 
Here, the accuracy is very important, because later, in an experiment, this plot will be used to find 
concentrations of unknown samples. 
The calibration plot generally does not go to the origin of the graph (bottom left corner), but it should 
be as close as possible.  
Finally, one must keep in mind that the Beer-Lambert's law has its limits. It is true for low 
concentration of a sample, but shows a deviation at high concentrations. (Marczenko, Balcerzak, 2000) 
Example of application: Detecting metals 
To use the spectrophotometry, you have to work with substances that are not colourless. This method 
can also be used for analysing coloured reaction products (even though the substrates might be 
colourless), as we do in our project. In that case a coloured reagent (dye) reacts with a compound 
(often metal) causing a change in colour. Then that change is measured in the spectrophotometer (or 
colorimeter).  In our reactions we are using Arsenazo III, a commercially available dye with long history 
of calcium concentration measurement (Michaylova, Kouleva, 1973) (Ohnishi, 1979) (Weissmann, 
Collins, Evers, Dunham, 1976). This dye can be used for spectrophotometric detection of metals like 
calcium, thorium, zirconium and uranium. Arsenazo III reacts with Ca2+ cations in alkaline solutions 
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(pH>7.5), creating complexes in 1:1 ratio 
and giving absorption peak at around 610 
nm. Pure dye (dissolved in Milli-Q water) 
has a pink colour. When complexed with 
metal ion it changes hue to purple/blue. 
(Weissmann, Collins, Evers, Dunham, 1976) 
(Rowatt, Williams, 1989) 
  
FIGURE 5: ARSENAZO III. SOURCE: 
HTTP://WWW.SIGMAALDRICH.COM/ 
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Spectrophotometers 
A spectrophotometer has a few basic components. First, a source of radiant energy (which means 
electromagnetic radiation), a grating or prism that lets only the radiant energy of narrow wavelength 
regions pass through, a device for holding the sample (usually a cuvette), and a photoelectric cell that 
measures light intensity (that functions as a detector). (Marczenko, Balcerzak, 2000) 
In our experiment we use a diode-array spectrophotometer, shown in Fig. 6. In the Fig. 7 we show the 
inside of the Ocean Optics Red Tide Spectrophotometer, a real diode-array device that we use in our 
project. 
 
FIGURE 6: STRUCTURE OF A DIODE-ARRAY SPECTROPHOTOMETER; THE SIGNAL DETECTED IS A SET OF LIGHT 
BEAMS OF ALL WAVELENGTHS (IN A REGULAR SPECTROPHOTOMETER THERE IS ONLY A SINGLE BEAM OF LIGHT); 
BASED ON (MARCZENKO, BALCERZAK, 2000) 
 
FIGURE 7: STRUCTURE OF A REAL DIODE-ARRAY SPECTROPHOTOMETER. A CUVETTE WITH A SAMPLE IS PLACED 
IN THE BLACK SLOT ON THE RIGHT; LIGHT IS SHINED FROM BEHIND THE SLOT; THE LIGHT PASSES THROUGH THE 
SAMPLE, MEETS THE MAGNIFYING LENS (TRANSPARENT PIECE OF GLASS/PLASTIC IN THE MIDDLE), THE 
REFRACTING LENS (SUPPORTED WITH A PLASTIC FRAME) AND IS DETECTED AND CODED ON THE LAST ELEMENT; 
THIS TYPE OF SPECTROPHOTOMETER IS COORDINATED BY THE ELECTRIC CIRCUIT AND CAN BE DIRECTLY 
CONNECTED TO THE COMPUTER VIA USB (SILVER PORT ON THE RIGHT) 
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Multivariate Calibration 
Name Origin 
To explain multivariate calibration, it is useful to know what the individual parts mean. Multivariate in 
itself is two words, multi and variate. Multi means more than one if it was one variate it would be 
called univariate. The last part “variate” means variable. Using these definitions, then multivariate 
means more than one variable. 
The word “calibrate”, traditionally meant to determine the inner diameter of a gun (the calibre of the 
gun) it can also be used for other cylinders. To calibrate then means to “translate” your information 
so that it fits to some reference. Take an orchestra as an example, when you tune a piano you use a 
tuning fork so to ascertain that it will play at the same frequencies as the rest of the orchestra. The 
piano is tuned using an external calibration (tuning fork). A musician would be able to do an internal 
calibration of the piano without a tuning fork, but that would mean that the piano might be offset. 
The musician would tune (calibrate) the piano such that all the keys played at frequencies relative to 
each other, making the piano sound good. The piano would sound wrong however if it was played 
with the rest of the orchestra, as the orchestra would be calibrated differently. In our case it is not so 
important to be able to do an external calibration as we only have the spectrophotometer (piano) and 
we don’t need it to "sound good" with other instruments. This is commonly the case; therefore, 
multivariate calibration must be able to deal with instrumental drift. 
When the two words are combined we get multivariate calibration. It is used in many areas of science 
due to its versatility. 
Application 
Commonly a spectrophotometer is used to measure a single wavelength (univariate) to determine the 
concentration of something in a liquid. This works great in mixtures that are without turbulence 
and/or contain varying amounts of impurities. Turbulence in a liquid can cause an increase in reflection 
which the spectrophotometer will measure as increased absorbance, if there is more absorbance then 
the calculation will show a higher concentration of the substance being measured, than is actually 
present. Impurities will have a similar affect. Another problem is if the pH can change as many things 
are affected by pH and therefore absorbance can change giving the wrong result, if you have a 
compound that is blue when alkaline but red when acidic and measure a single wavelength then it will 
only be accurate at a specific pH. 
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FIGURE 8: GRAPH INDICATING IMPURITIES CAUSING HIGHER CONCENTRATIONS TO BE DETECTED (NONE OF THE 
COMPOUND PRESENT) 
In Fig. 8 the + symbols indicate the tests used to make the standard, and the dots represent some 
samples with impurities. The samples do not contain any of the substance that the researcher would 
be looking for but this method would predict a high concentration. 
Univariate works well if there is only one thing that you wish to measure in the mixture or if the 
absorbance of the separate components are sufficiently different. This is not the case in our project, 
as we wish to find the concentration of both calcium and magnesium in our sample without having to 
separate the two ions. The solution to this is to use multivariate calibration. In multivariate it is 
possible to use all of the wavelengths (variate) in order to determine the concentration. The 
“calibration” is to create a reference that can be used to calculate the concentration in a sample, the 
reference will "explain" how the different wavelengths change as the concentration increases relative 
to each other. Here turbulence is not a problem as absorbance will increase for all the wavelengths, 
the calibration shows that some absorbance change more than others and can therefore determine 
how much turbulence is causing reflection. In the case of impurities, the calibration will still see that 
some absorbance's change differently than expected, if the impurities cause too much variance then 
the tool will determine it as an outlier. Another advantage is that it is possible to use if the sample has 
a variable pH and even be able to determine the pH based on the wavelength distribution. 
In short, multivariate calibration is to use multiple variables (in our case wavelengths) to create a 
standard. 
To use multivariate calibration effectively it is necessary to combine chemistry and statistics. The 
chemist without the statistical toolbox will be unable to do multivariate calibration and will be forced 
to use univariate calibration, the chemist could do this for multiple wavelengths individually, but this 
would be a slow process and the individual measurements would not be comparable. The statistician 
could apply the math needed to make the calibration but would not have the chemist’s knowledge to 
interpret the data, they also run the risk of not noticing oddly distributed data and simply create a 
useless average. Using the example of the blue (alkaline) and red (acidic) compound again, the chemist 
would get correct results sometimes when the pH was "correct" not knowing that they were missing 
important data from another part of the spectrum, whereas the statistician might get the correct 
result but risks assuming that the change is due to standard deviation and not pH. 
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Since separating compounds can be slow process with many steps, then multivariate calibration is 
often preferred due to it usually being a much faster (and cheaper) process.  
In this project we used the program Unscrambler. In this program we applied PLS (partial least 
squares) regression. The program had PLS1 and PLS2, the difference being that PLS1 was used to 
determine one variable at a time (calcium or magnesium) whereas PLS2 can be used if you wish to 
calculate multiple variables simultaneously. 
PLS 
PLS regression attempts to describe the data. To do that it starts by weighting the different 
wavelengths. The weighting is based on how much the absorbance changes as a function of the 
concentration. Using these weights, the program estimates the concentrations. It finds a constant to 
multiply the estimates with such that the squares of the differences between the estimates and the 
real concentrations are as small as possible. The remaining unexplained data can then be treated just 
like the first. This is continued until the program starts trying to explain noise. In our case it shouldn't 
be done more than 3 times as only three concentrations should be changing (Calcium, Magnesium & 
Dye). The program can also determine how many times the procedure should be repeated, it does this 
by doing the calculation for all but one data set and estimates the remaining data set with the result. 
It can then determine how many of the steps increased prediction. It then does the calculation again 
after removing a different data set and repeats until it has done this for all the data sets. The program 
then determines how many regressions best describe the data. This method will also quickly 
determine outliers, if the other data sets cannot describe one data set then that data set does not fit 
with the rest (outlier). 
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Combining Flow injection and Multivariate Analysis 
Traditional batch measurements take a long time to produce. And to assure that the accuracy of the 
model is high, you need many measurements. In our case we want to have measurements containing 
both calcium and magnesium.  We decided to combine 5 different concentrations of each element. In 
batch chemistry that gave us 25 separate samples to test. Some of these samples were multiples of 
others (see Table 1). 
 Increasing Ca  
In
creasin
g M
g 
 
5(Ca) 10(Mg) 10(Ca) 10(Mg) 15(Ca) 10(Mg) 20(Ca) 10(Mg) 25(Ca) 10(Mg) 
5(Ca) 20(Mg) 10(Ca) 20(Mg) 15(Ca) 20(Mg) 20(Ca) 20(Mg) 25(Ca) 20(Mg) 
5(Ca) 30(Mg) 10(Ca) 30(Mg) 15(Ca) 30(Mg) 20(Ca) 30(Mg) 25(Ca) 30(Mg) 
5(Ca) 40(Mg) 10(Ca) 40(Mg) 15(Ca) 40(Mg) 20(Ca) 40(Mg) 25(Ca) 40(Mg) 
5(Ca) 50(Mg) 10(Ca) 50(Mg) 15(Ca) 50(Mg) 20(Ca) 50(Mg) 25(Ca) 50(Mg) 
TABLE 1: BATCH OF SAMPLES. DIFFERENT COLOURS INDICATE SAMPLES THAT ARE MULTIPLIES OF EACH OTHER. 
The coloured samples are multiples of others with the same colour. It would be easy to make a table 
where there were more multiples (e.g. both Ca and Mg increase by the same amount) This is where 
flow injection becomes useful. 
As samples in the flow injection are subject to dispersion then the concentration will be different in 
different parts of the tube. Therefore, we can make measure the absorbance multiple times during 
one injection of sample and get data sets for multiple concentrations. Essentially getting data for many 
batch tests in one injection. 
 
FIGURE 9: FLOW INJECTION SHOWING EXAMPLES FOR MULTIPLE DATA SETS 
This obviously has some drawbacks, if anything is wrong with the sample we inject, we will get a group 
of samples that are wrong. Also each group of data sets cannot be used individually to make a standard 
curve as the ratios are the same. There needs to be a difference in ratio to determine what part of the 
spectrum is affected by what constituent. In the flow injection part of the results section you can see 
what happens when only one group of data sets are calculated. 
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Chemical elements in drinking water 
a) Metal ions in drinking water  
According to the definition, then drinking water is water safe enough for drinking and food 
preparation.  Safety depends on purity both in chemical and microbiological sense. In 2015, 91% of 
the world’s population had access to a source of drinking-water. (WHO 2015) Traditional drinking-
water sources include lakes, rivers, rainwater or groundwater reservoirs such as wells. Technological 
advancement allowed for other approaches, such as desalination of ocean water or recycling of used 
water by different filtration methods. In Europe, groundwater sources provide significant amount of 
drinking water in addition to surface water. In some places like Denmark, Italy, Iceland, Austria and 
Lithuania people consume close to 90% of their water from groundwater sources.  
Water quality in terms of its composition depends heavily on both geographical source and method 
of collection. For that reason, it is remarkably difficult to give one general description of drinking 
water, as it can contain virtually any chemical element or compound. Any assessment must be done 
on case-by-case basis. Such a description will not be attempted here. Please refer to the chapter 8 of 
WHO 2011 (see Bibliography) for an extensive list of chemicals.   
Chemical contaminants in drinking water may be categorized in various ways; however, the most 
appropriate is to consider the primary source of the contaminant. These include: 
 Naturally occurring  
 Industrial sources and human dwellings  
 Agricultural activities  
 Water treatment or materials in contact with drinking-water  
 Pesticides used in water for public health  
Calcium and Magnesium, which are of interest in our project, belong to the first category. It is found 
in all natural water, along with a range of other inorganic and organic chemicals. Inorganic compounds 
are eluted from rocks and soil when in contact with water. The concentration of metallic ions, 
especially calcium and magnesium, dissolved in water is often referred to as hardness of water.  
The primary reason to analyse the quality of drinking water is because of the health concerns. Lists of 
chemicals in drinking water that are of health significance can be found in the Appendix I. Most 
important water quality issues connected to calcium and magnesium is low mineral intake from foods 
and water that is common in many parts of the world. Deficiencies of iron, magnesium, zinc and 
calcium are present both in developing and developed worlds. It is known that minerals (e.g. calcium, 
magnesium, potassium, sodium) are lost in sweat. How significant sweat-related calcium loss is, 
becomes clear when one realizes that the net intestinal calcium absorption in adults, average only 
about 10%. That means a loss of 200 mg could require an additional oral intake of as much as 2000 
mg in order to fully protect the skeleton. As water is a major component of the human diet, it is 
important to be able to monitor calcium and magnesium intake from water. (WHO 2011) 
b) Hardness of water 
Water hardness is the traditional measure of water’s capacity to react with soap. Hard water requires 
significantly more soap to produce a lather, causing increased soap consumption in both the industrial 
and household setting. Hardness is caused by metal ions dissolved in water, mainly calcium and 
magnesium cations. The total water hardness is calculated as the sum of the molar concentrations of 
Ca2+ and Mg2+ mmol/L. Although, there are many different regional units for hardness (e.g. English 
degrees, French degrees, Grains per Gallon), the most commonly used in science is degree of General 
Hardness (dGH). 1 dGH is equal to 17.85 mg/L of CaCO3.  
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Water from natural sources vary greatly in mineral content, from very low levels in rainwater and soft 
waters to high levels in hard waters. Whether water is soft or hard depends on its source (surface, 
groundwater) which can further depend on mineral composition of soil and rock formation in that 
region. So, the amount of minerals in the drinking water will be different, depending upon location, 
treatment and water source.    
The reason why water hardness is considered an issue is mainly due to consumers’ preference (taste, 
feel, reaction with soap) and industrial utility (lime scale damaging water-handling equipment). There 
are no health-based guidelines for hardness in drinking-water. According to WHO: „Although there is 
evidence from epidemiological studies for a protective effect of magnesium or hardness on 
cardiovascular mortality, the evidence is being debated and does not prove causality. […] There are 
insufficient data to suggest either minimum or maximum concentrations of minerals at this time, as 
adequate intake will depend on a range of other factors.” (WHO 2009) However, as stated before, 
drinking water can contribute to calcium and magnesium intake and could play an import role for 
people with mineral deficiencies.   
Water softening involves removing metal cations from hard water, mainly calcium and magnesium. It 
can be done using variety of methods from ion-exchange resins, through distillation to reverse 
osmosis. It is done on a large scale in industrial setting, where water hardness can ruin costly 
equipment such as boilers, cooling towers and/or pipes. A common method used in a household 
setting involves the use of ion exchange resins in commercially available water filters. The filters 
contain beads that exchange two sodium ions for every calcium or magnesium ion removed from the 
water. Water softeners are also often added to soaps and detergents. (WHO 2009) 
c) Usual methods of detection  
A variety of ‘standard’ or 'recommended’ methods for analysis of water has been published by a 
number of national and international agencies.  Examples of analytical methods are given in figure 10. 
It is a qualitative ranking based on technical complexity. The higher the ranking, the more complex the 
process in terms of equipment or operation. 'In general, higher rankings are also associated with 
higher total costs.'  (WHO 2011) 
Full description of all the methods can be found in Annex 4.1 of source 2. Here will be listed short 
characterisation of some most relevant for our project. 
FIGURE 10: SOURCE: GUIDELINES FOR DRINKING-WATER QUALITY, FOURTH EDITION; (WHO 2011) 
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In colorimetric methods the intensity of a colour of a target chemical, or reaction product is measured 
using light of a suitable wavelength. The concentration is determined using a calibration curve 
established by measuring known concentrations of the determinant (standards). In our project we are 
using spectrophotometry, which is a type of colorimetry. 
Atomic absorption spectrometry (AAS) can only be used for determination of metals. The principle of 
this method is as follows. First, a sample is vaporised and atomised. A beam of light from a cathode 
lamp passes through the sample. The cathode lamp is made out of the same metal as is being analysed. 
The amount of absorbed light is measured by a detector. Characteristics of this method is great 
sensitivity and selectivity. Only a target metal can absorb light produced by itself, so the spectrum is 
free from interference. There are different variations of this method, depending on the way sample is 
atomised (e.g. flame atomic absorption spectrometry).  
A variety of chromatography techniques (e.g. ion chromatography) are methods of separation based 
on the difference in affinity between two phases - stationary and mobile. Sample is injected into a 
column containing the stationary phase and is then separated by the mobile phase. Separation 
happens due to the differences in interactions between the stationary phase and different 
components of the sample. Compounds with low affinity for the stationary phase pass through the 
column quicker and elute earlier. Concentration of eluted, separated compounds is determined by a 
suitable detector.  
Apart from above mentioned, there are many available field test kits, able to measure concentrations 
of various chemicals in water in non-laboratory conditions. Although most often their analytical 
accuracy is less than that of the methods shown in Figure 10, when properly used, they provide 
valuable tools for simple, fast and cheap measurement of variety of contaminants in a non-laboratory 
environment. (WHO 2011) 
Ion Purification 
Water purification is a process of removing impurities from a water sample. These impurities can be 
both microorganisms (bacteria), as well as chemicals (ions, organic compounds). There is no one 
method that would remove all the contaminants, in fact, there are many methods of different 
complexity, cost and type of contaminants they can remove. The possible contaminants can vary in 
size, affinity to other substances or source (living matter, minerals). For that reasons type of 
contaminant is a major factor when choosing the purification method. As in our project we are mostly 
concerned with metal ions, we will now describe methods for ion purification. (APEC 2015) We are 
going to present here 2 methods used by us in the project. Please look into Appendix III for description 
of other commonly used methods. 
a) Distillation 
Distillation is probably the oldest used water purification method. The process is as follows. Water to 
be purified is heated in a vessel to the point of boiling. That causes water vapour to rise, which is then 
directed into a condenser, cooled down with cooling water, collected and stored. Such a treatment is 
very versatile removing broad range of contaminants - most of them are either killed (bacteria) or stay 
behind in the vessel. However, some substances (especially with boiling points below 100°C) can still 
be carried over to the purified water. Other drawbacks of this method include high cost (consumes 
large amounts of energy) and a bulky setup. (APEC 2015) 
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b) Deionisation 
Together with softening they are two 
most common ion exchange methods. 
Softening is used to remove water 
hardness and has been described in the 
'Hardness of water' section. In 
deionisation, ion exchange happens on 
resin beads, where hydrogen ions are 
exchanged for cations and hydroxyl ions 
for anions. Cation exchange resins are 
made out of different materials than 
anion exchange ones. Both resins are 
usually packed together in a bed to form 
an ion exchange column. Once a column 
exchanged all its ions it must be 
regenerated - the regeneration reverses 
the purification process, replacing 
bounded to the resin contaminants with 
hydrogen and hydroxide ions. 
Deionisation is very effective at removing inorganic chemicals and is relatively inexpensive to set up. 
Its disadvantages are the fact that it does not remove particles, pyrogens or bacteria and high long 
term operating costs. Because of that it is most often used in combination with other methods.  (APEC 
2015) 
 
 
  
FIGURE 11: DEIONISATION PROCESS. SOURCE: WATER 
TREATMENT FUNDAMENTALS, SEVENTH EDITION, JOSEPH F. 
HARRISON 
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Setup 
Devices 
 Spectrophotometer: Red Tide USB650UV from Ocean Optics  
 Injector: STP-42D4041, 1.8 degree/step, 0.83 Ω, from Shinano Kenshi  
 Pump: type 110SCR.618.CF3A, max. Rpm 18, volt 230, from Ole Dich, Instrumentmakers ApS  
Containers 
 Cuvettes: standard PMMA 3mL cuvettes, from VMR  
 Syringe: HSW 5mL  
 Plastic bottles: PE, 500 mL vol., from Azlon  
 Glassware: standard laboratory glassware – beakers, funnels  
Chemicals 
 Arsenazo III, p.a. 1668-00-4 for the determination of Th, Zr, U, Cd, Zn, Ca, from Fluka, Sigma-
Aldrich (prod. no 11090)  
 Borax Anhydrous, BioUltra, ≥99%, from Fluka, Sigma-Aldrich (prod. no 71997)  
 Sodium tetra borate, 99.998% trace metals basis, from Sigma-Aldrich (prod. no 229946)  
 Ammonium chloride, 99.998% metals basis, from Sigma-Aldrich (prod. no 254134)  
 Sodium hydroxide, pellets, 99.998% metals basis, from Sigma-Aldrich (prod. no 480878)  
 Ammonium nitrate, p.a. ACS; ≥99% (T), from Fluka, Sigma-Aldrich (prod. no 09890)  
Programs 
 Red Tide USB650 UV-VIS 1.0.0.0. (partially written by our supervisor, John Mortensen)  
 Unscrambler version 8.0 Upgrade, from CAMO  
Other 
 Laboratory equipment: pipettes, spatulas, etc.  
 Laboratory instruments: electric balance, magnetic stirrer, hotplate, etc.  
 Chelex 100 Ion Exchange resin, from Bio-rad 
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Methods 
Reagents preparation 
The primary phenomenon in our project is dye complexation of calcium and magnesium in an alkaline 
solvent.  Complexed dye changes colour from pink to blue, which can be detected by a 
spectrophotometer.   
We started our analysis by preparing all the necessary reagents. In our project we have two solvents: 
Milli-Q water and Borax (99% purity) solution in Milli-Q. Calcium and magnesium stock solutions were 
prepared from their chlorides dissolved in Milli-Q. The dye used is Arsenazo III dissolved in Milli-Q. The 
concentrations of the stocks were:   
Borax – 0,05M  
Dye – 0,02M  
Calcium – 339,6ppm (8,5mM)  
Magnesium – 129,6ppm (5,3mM) 
Calibration, establishing working range 
In order to establish the working-range we tested different concentrations of the dye to find an 
optimal concentration. To get the best results the highest absorbance has to be around 1A. For that 
concentration of the dye we calculated what concentrations of calcium and magnesium we could add 
to the solution, assuming that the highest concentration of Ca and/or Mg that will complex is equal to 
the concentration of the dye. We use different percentages of Ca and Mg setting the concentration of 
the dye as 100%.  
An example: if we have 0.5µM of dye then 50% calcium would be 0.25µM Ca. We assume that the dye 
reacts with metal ions at a 1:1 ratio. Using this assumption, it can be understood that when 50% 
Calcium is added then 50% of the dye is complexed.  
First of all, we tested if the Beer-Lambert law (see Theory, Spectrophotometry principles section) is 
applicable on samples that contain only one ion. We added different amounts of the stock solutions 
straight to the cuvettes and the same amount of dye (40ul) to each cuvette. We then added the Borax 
solution until 3ml and measured for absorbance against a blank with dye only.      
We then repeated the experiment with samples containing both ions in different known 
concentrations. 
Finding a standard curve 
We are measuring standards of Calcium and Magnesium in the working range and find the linear 
relation between the data points. As mentioned in the Theory, we strive for a straight line. 
Multivariate analysis in the Unscrambler 
The spectrophotometer is operated by the standard PC (with the program Red Tide). In this way we 
can see the spectra and save the results. To analyse the data, we transfer it to the Unscrambler 8.0 
Upgrade.  
In the Unscrambler we perform the Principal Component Regression with Cross Reference. Output is 
four types of graphs: PC scores (Principal Component scores), Regression coefficients, Residual plot 
and Predicted vs. measured concentrations. 
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We primarily use the correlation coefficients from the linear regression graph (predicted vs. measured 
concentrations graph). The correlation coefficient informs us if the samples are linearly dependent 
(what is the deviation from the expected concentrations). 
Setting up a flow injection 
In the Theory we presented a typical setup of FIA. Fig. 12 shows our setup 
 
FIGURE 12: PHOTO OF OUR SETUP; CARRIER STREAM IS PUMPED FROM A PLASTIC CONTAINER ON THE RIGHT 
(NOT SHOWN IN THE PICTURE), THROUGH THE PIPE (ORANGE DEVICE), INTO THE INJECTOR VALVE (WHITE BOX 
IN THE MIDDLE), WHERE IT MIXES WITH A SAMPLE (INJECTED WITH THE SYRINGE SEEN BELOW THE INJECTOR 
VALVE) AND CONTINUES FLOWING THROUGH THE TUBING UNTIL IT REACHES SPECTROPHOTOMETER (ORANGE-
BLUE BOX BEHIND THE INJECTOR) AND FROM THERE IT FLOWS TO WASTE (THE BEAKER FAR BEHIND THE 
INJECTOR) 
Our injector valve is a typical electric six port injector valve, that works as follows. Each port is 
connected to another part of the setup. Two of the ports are connected by a tube that functions as a 
sample loop. Depending on the mode of the injector the loop can be loaded with a sample or be part 
of the carrier flow. 
 
FIGURE 13: OUTLINE OF OUR SETUP WITH FOCUS ON THE INJECTOR PORTS 
In our setup we inject samples that contain both ions. That means that we have only one 'crossing' of 
the carrier and sample streams. 
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FIGURE 14: MECHANISM OF THE INJECTOR VALVE; MODE 1 [SAMPLE INJECTED IN (5) GOES INTO THE LOOP (4 
TO 1) AND REMAINS THERE, SURPLUS OF THE SAMPLE GOES FURTHER TO THE WASTE (6)] AND MODE 2 [CARRIER 
RUNS FROM INPUT (3) THROUGH THE LOOP 4 TO 1, WHERE IT MIXES WITH THE SAMPLE, AND CONTINUES FROM 
1 TO THE OUTPUT AND MEASUREMENT (2)] 
 
FIGURE 15: PHOTO OF THE INJECTOR VALVE; ‘INPUT’ IS PLACED TO THE LEFT, ‘OUTPUT’ AND ‘WASTE’ TO THE 
RIGHT, ‘SAMPLE INJECTION’ DOWNWARDS, THE LOOP (TWO PORTS CONNECTED WITH ONE VERTICAL TUBE) IS 
WELL DISPLAYED 
Our pump is a peristaltic pump. The speed we use is 1 mL/min. The sample could be detected 
approximately 60 seconds after the injection. 
The cuvette placed in the spectrophotometer is connected by tubes to the rest of the system. This 
allows for a constant flow of the carrier and continuous measurement of samples with minimal 
reagents usage. 
Principles of measurement 
As we mentioned in the previous section we inject only one sample that contains both ions. We 
decided to prepare 3 samples with varying concentrations. 
 High Ca, High Mg – 11.1µM Ca, 26.7µM Mg 
 High Ca, Low Mg - 11.1µM Ca, 8.9 µM Mg 
 Low Ca, Low Mg – 2.2µM Ca, 8.9 µM Ca 
The samples are analysed in the following way. We inject the sample into the carrier stream and work 
in the Flow Injection mode of the Red Tide program (see Appendix II). This mode allows us to observe 
how the sample is dispersed along the tube. 
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FIGURE 16: AN EXAMPLE OF A FLOW INJECTION GRAPH. 
Fig. 16 shows a typical graph representing flow injection. Each point indicates one absorption at a 
single wavelength from a spectrum (y-axis) versus time in seconds (x-axis). The entire spectrum is 
saved for each point, but only one wavelength is displayed. We extract numerical data from this graph 
and analyse to get the results presented in the Results section. From each peak like that we take 8 
points to plot in the Unscrambler - 3 before the maximum, 4 after and one maximal value. The 3 points 
floating above the rest of the graph is likely a bubble in the system. 
Preparing a metal-ion-free buffer, cleaning borax, ammonium buffer, 99.998% borax 
We started ion purification of Borax by treatment through a Chelex ion exchange column. The column 
consisted of Chelex supported by a piece of cotton in a plastic syringe. The whole setup is described 
in the manual (Bio-Rad Laboratories, 2000). To make sure that the Chelex was ready to adsorb ions 
we first washed the Chelex with Milli-Q and sodium hydroxide (1 Molar) to get rid of adsorbed ions 
and monitored pH of the eluate until it stabilised (meaning there are no more cations left in Chelex 
phase).  
We tested the cotton to determine whether or not the cotton contained metal ions. To do that we 
poured Milli-Q water through the cotton several times and each time tested the water with our dye. 
We also tested filter paper in the same manner, but it proved to be a bad choice. After cleaning the 
cotton with Milli-Q a few times, there was no observable colour change to the dye. 
We also tried adding Chelex granules to our borax solution and stirred it for an hour. After turning the 
stirrer off, we allowed the Chelex to sediment and then tested the supernatant. 
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FIGURE 17: CHELEX COLUMN (THE WHITE SYRINGE); ELUATE DRIPS TO THE BEAKER IN WHICH PH IS 
CONTINUOUSLY TESTED (PH-METER SHOWN ON THE LEFT) 
Instead of Borax we tried to produce an ion free ammonium buffer. To do this we used a solution of 
ammonium chloride and adjusted the pH to 9, determined with a pH meter. We used 2 methods to 
adjust the pH. In the first method we added a Sodium Hydroxide solution and in the second method 
we bubbled ammonia gas through the solution. 
We produced the ammonia gas by the reaction of sodium hydroxide and ammonium nitrate, mixing 
and heating in the following setup. 
 
FIGURE 18: PICTURE OF THE SETUP WE USED FOR ADJUSTING PH OF AMMONIUM BUFFER; THE BOTTLE ON THE 
LEFT CONTAINS A SOLUTION OF AMMONIUM NITRATE AND SODIUM HYDROXIDE; AMMONIA PRODUCED DUE TO 
THE REACTION (SEE ABOVE) LEAVES THE BOTTLE ON THE LEFT AND IS TRANSPORTED THROUGH THE TUBE TO THE 
BOTTOM ON THE LEFT; AMMONIA ‘BUBBLES’ LEAVE THE TUBE INSIDE THE BOTTLE ON THE RIGHT AND REACT 
WITH THE SOLUTION INSIDE THIS BOTTLE 
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𝑁𝐻4𝑁𝑂3(𝑎𝑞) +𝑁𝑎𝑂𝐻𝑎𝑞 → 𝑁𝐻3(𝑔) +𝐻2𝑂(𝑙) +𝑁𝑎𝑁𝑂3(𝑎𝑞) 
𝑁𝐻3(𝑔) +𝐻2𝑂(𝑙) → 𝑁𝐻4(𝑎𝑞)
+ +𝑂𝐻(𝑎𝑞)
−  
EQUATION 5 
In both cases we tested for ions with the dye. 
The final method we attempted, was to use a purer Sodium Tetra Borate (99.998%). We made this 
purer borax solution in the same way as the original borax and then tested to see if this borax had no 
metal ions by test with the dye. 
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Results 
Establishing dye concentration 
To determine the optimal concentration of dye we tested different concentrations by adding different 
amounts to cuvettes and filling to 3 ml. We started by making a 0.00333 Molar dye that gave too high 
an absorbance. We repeated the tests for different concentrations and concluded that the optimal 
molarity is 44µM. 
 
FIGURE 19: RESULTS FOR FINDING THE OPTIMAL CONCENTRATIONS OF THE DYE 
Calcium & Magnesium Tests (10-100%) 
 
FIGURE 20: RESULTS FOR THE CALCIUM TEST IN CUVETTE. TOP LEFT GRAPH SHOWS PC SCORES, TOP RIGHT 
SHOWS REGRESSION COEFFICIENTS, BOTTOM LEFT SHOWS RESIDUAL PLOT AND BOTTOM RIGHT SHOWS 
PREDICTED VS MEASURED CONCENTRATIONS. 
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FIGURE 21: RESULTS FOR THE MAGNESIUM TEST IN CUVETTE. TOP LEFT GRAPH SHOWS PC SCORES, TOP RIGHT 
SHOWS REGRESSION COEFFICIENTS, BOTTOM LEFT SHOWS RESIDUAL PLOT AND BOTTOM RIGHT SHOWS 
PREDICTED VS MEASURED CONCENTRATIONS. 
Figure 20 and 21 show the Unscrambler data for the calcium and the magnesium concentration 
measurements, where we tried to find a standard curve for each ion. The predicted vs measured 
concentration graphs show a straight line, which indicates that an unknown calcium/magnesium 
concentration could be determined accurately. In both cases the residual plots confirm that the 
measured values are well correlated and that there is little deviation from a theoretical line. The 
regression coefficients graph indicates which part of the spectra is affected as calcium/magnesium 
increases. There is more noise in the results from calcium, we will try to explain that in the discussion 
part. 
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Mixed ions Test (Ca 5-25%, Mg 20-60%) 
Testing for calcium and magnesium 
 
FIGURE 22: RESULTS FOR THE CALCIUM TEST IN A MATRIX OF CUVETTES. TOP LEFT GRAPH SHOWS PC SCORES, 
TOP RIGHT SHOWS REGRESSION COEFFICIENTS, BOTTOM LEFT SHOWS RESIDUAL PLOT AND BOTTOM RIGHT 
SHOWS PREDICTED VS MEASURED CONCENTRATIONS. 
 
FIGURE 23: RESULTS FOR THE MAGNESIUM TEST IN A MATRIX OF CUVETTES. TOP LEFT GRAPH SHOWS PC 
SCORES, TOP RIGHT SHOWS REGRESSION COEFFICIENTS, BOTTOM LEFT SHOWS RESIDUAL PLOT AND BOTTOM 
RIGHT SHOWS PREDICTED VS MEASURED CONCENTRATIONS. 
In both the calcium and the magnesium regression there are some data points that deviate highly 
from the rest of the data. This can be seen clearly in both the PC scores and predicted vs measured 
graphs. We recalculated without these outliers (see below). 
RUC 4th Semester Chemistry Project  
NIB  
P a g e  34 | 44 
 
After removing outliers 
 
FIGURE 24: RESULTS FOR THE CALCIUM TEST IN A MATRIX OF CUVETTES AFTER REMOVING 2 OUTLIERS. TOP 
LEFT GRAPH SHOWS PC SCORES, TOP RIGHT SHOWS REGRESSION COEFFICIENTS, BOTTOM LEFT SHOWS RESIDUAL 
PLOT AND BOTTOM RIGHT SHOWS PREDICTED VS MEASURED CONCENTRATIONS. 
 
FIGURE 25: RESULTS FOR THE MAGNESIUM TEST IN A MATRIX OF CUVETTES AFTER REMOVING 3 OUTLIERS. TOP 
LEFT GRAPH SHOWS PC SCORES, TOP RIGHT SHOWS REGRESSION COEFFICIENTS, BOTTOM LEFT SHOWS RESIDUAL 
PLOT AND BOTTOM RIGHT SHOWS PREDICTED VS MEASURED CONCENTRATIONS. 
After removing the outliers, the residual plot shows good correlation after three PC's in both cases. It 
can also be seen that the data approximates a straight line in the predicted vs measured 
concentrations graph for both cases. 
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Flow Injection 
Flow Injection 6/4 
 
FIGURE 26: RESULTS FOR THE CALCIUM FROM OUR FLOW INJECTION 6/4. TOP LEFT GRAPH SHOWS PC SCORES, 
TOP RIGHT SHOWS REGRESSION COEFFICIENTS, BOTTOM LEFT SHOWS RESIDUAL PLOT AND BOTTOM RIGHT 
SHOWS PREDICTED VS MEASURED CONCENTRATIONS. 
 
FIGURE 27: RESULTS FOR THE MAGNESIUM FROM OUR FLOW INJECTION 6/4. TOP LEFT GRAPH SHOWS PC 
SCORES, TOP RIGHT SHOWS REGRESSION COEFFICIENTS, BOTTOM LEFT SHOWS RESIDUAL PLOT AND BOTTOM 
RIGHT SHOWS PREDICTED VS MEASURED CONCENTRATIONS. 
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Flow injection 20/4 
 
FIGURE 28: RESULTS FOR THE CALCIUM FROM OUR FLOW INJECTION 20/4. TOP LEFT GRAPH SHOWS PC SCORES, 
TOP RIGHT SHOWS REGRESSION COEFFICIENTS, BOTTOM LEFT SHOWS RESIDUAL PLOT AND BOTTOM RIGHT 
SHOWS PREDICTED VS MEASURED CONCENTRATIONS. 
 
FIGURE 29: RESULTS FOR THE MAGNESIUM FROM OUR FLOW INJECTION 20/4. TOP LEFT GRAPH SHOWS PC 
SCORES, TOP RIGHT SHOWS REGRESSION COEFFICIENTS, BOTTOM LEFT SHOWS RESIDUAL PLOT AND BOTTOM 
RIGHT SHOWS PREDICTED VS MEASURED CONCENTRATIONS. 
Each particular graph in figures 26 to 29 can be analysed similarly to the previous Unscrambler plots. 
We did not get the results for all sets of samples (high, low etc.). There is not enough information in 
these 4 figures to allow us to measure an unknown calcium or magnesium sample and determine the 
concentrations. To get that type of information it would be necessary to analyse multiple flow 
injection data simultaneously (a set of samples with different ratios of ions concentrations). 
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The reason for the incomplete set of results is a problem with the purity of our carrier (borax solution). 
After several flow injection runs we noticed that the carrier had a colour similar to ion samples and 
additional tests showed that it was contaminated with metal ions. We concluded that it was due to 
the substrate (borax anhydrous) containing trace metals. Even though there was less than 1% 
impurities, there was enough metal to react with the dye and change the colour of the carrier solution. 
In the following section we present our observations regarding the attempts to clean the borax 
solution and prepare an ion free buffer. 
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Comparison of different ion purification methods 
 
FIGURE 30: LEFT TO RIGHT, MILLI-Q WATER THROUGH FILTER PAPER, BORAX SOLUTION, MILLI-Q WATER 
THROUGH COTTON WOOL, MILLI-Q WATER. ARSENAZO III WAS ADDED TO ALL 4 SAMPLES. 
Throughout our experiment we had many samples with different ion abundance. We tested them with 
our dye to be able to compare them, either by visual inspection or with the spectrophotometer. Above 
is an example of different shades of pink/purple, where the contamination with metal ions decreases 
from left to right. Sample on the right, prepared only with Milli-Q water is considered ion free.  
Overall, all our attempts to prepare an ion free solution were unsuccessful. Tests with dye showed 
that ions were still present (blue to purple colour in cuvettes). We did not see any significant difference 
between borax solution cleaned with Chelex and ammonium buffer with pH adjusted with ammonia 
gas. Ammonium buffer with pH adjusted with sodium hydroxide pellets gave the most contaminated 
sample. As a consequence, we did not run any more flow injection tests. 
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Discussion 
The first part of our experiment was to prepare the setup for flow injection by establishing the 
standard curves. This included using automatic pipettes to prepare solutions. With a pipette as a tool 
comes an inherent measurement error. The way to decrease it is to ensure that the pipette is 
calibrated. Another way is to decrease the dilution factor by making additional dilution steps. Lower 
dilution factor means bigger pipetted volume, which means using a pipette with lower uncertainty. At 
the same time, every pipetting step adds its own uncertainty, so it is necessary to find a balance 
between the number of dilutions and dilution factor. Since our dilution factors were usually 
considerably large (50x, 100x, 300x), we decided to prepare secondary stock solutions which were 100 
times more concentrated than our working 100% solutions. We assumed that this step would 
decrease the uncertainty coming from the pipetting error.   
Another important part of our experiment was assumptions and calculations regarding the dye 
(Arsenazo III). We assumed that the dye reacts one-to-one with both calcium and magnesium ions, 
based on the scientific literature we found (Weissmann, Collins, Evers, Dunham, 1976). There are other 
sources that claim the proportion is two-to-one (Rowatt, Williams, 1989). If this is the case, then we 
may have been adding too much of the metal ions. Following our assumptions, we calculated the 
amounts of ions to add as a fraction of the total amount of the dye.   
We found several articles that mention the use of Arsenazo III as a complexing agent under 
physiological conditions (among others for calcium and magnesium) (Weissmann, Collins, Evers, 
Dunham, 1976). This indicates that the dye primarily works in a low range of concentrations. In our 
project the concentrations may have been too high. If so, we might have crossed the upper limit of 
the range of Arsenazo III working concentrations. Given that the physiological conditions assign the 
lower limit of this range, we could estimate the limits of Arsenazo III effectivity. If we were using 
concentrations above the limit, that could explain some of the problems we faced. 
For each test in our flow injection setup we needed a carrier solution that contained the dye and 
reacted with the injected metal ions (sample). For the dye to work properly, the carrier solution needs 
to meet certain requirements, i.e. have high pH and be free of Ca and Mg ions. Preparation of a 
solution that fulfils these criteria became a major part of our project.   
One of the reasons that the preparation of the carrier became so important was the impurity of the 
original compounds that we used to prepare the solutions. Borax anhydrous that we used throughout 
our tests was 99% pure, but the remaining 1% contained metal ions and it was enough to change the 
colour of the carrier and subsequently interfere with the absorbance of the reacted solution. Later we 
purchased higher grade borax (99.998%), but it also gave unsatisfactory results. Even though the total 
metal trace was less than 25.0 ppm, colour changes could be detected immediately. Since both 
commercially available options failed, we tried to purify the borax solution ourselves. As both borax 
products gave similar issues, we attempted to purify the lower grade one, because it was cheaper and 
available in larger quantities.  
To purify the borax solution, we used Chelex, which is an ion exchange resin. We used the setup that 
the manual described as the most efficient method, namely a column filled with Chelex. It is worth 
mentioning that we made sure that the column can adsorb ions by regenerating it. Despite this, it did 
not purify our borax – the solution was still blue when tested with the dye. To make sure that the 
column itself was not contaminating the dye we tried to stir a new portion of Chelex with the borax 
and then let Chelex sediment, but neither method cleaned the borax. A plausible explanation is that 
the Chelex resin had expired and even the regeneration could not re-activate it.  
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We also tried producing two ammonium buffers to use with our dye. Both buffers were made with 
ammonium chloride 99.998% purity and both then had their pH adjusted. The first we adjusted by 
adding sodium hydroxide, it then turned out that the sodium hydroxide contained metal ions. We 
found out that sodium hydroxide was impure (dye added to a pure solution of NaOH immediately 
turned blue). Then we made the buffer by bubbling ammonia gas through the ammonium chloride 
solution. Both of the buffers we made changed the colour of our dye. As many metals do not complex 
with our dye at low pH it is possible that the ammonium chloride itself contained metals that we didn't 
observe before adjusting pH.  
We knew from the beginning that using glassware was a problem. Glass can adsorb ions (among others 
calcium and magnesium) when filled with e.g. tap water and release them in later use. Therefore, any 
solution stored in glass was at the risk of being contaminated. Our preferred containers were made of 
plastic, though it was difficult to work in the lab without using any glassware (pipettes, beakers, etc.) 
However, we assumed that short exposure would have little influence on our results.  
We had no experience with multivariate calibration prior to this project nor had we any experience 
with the program Unscrambler. This may explain some of the problems we faced during our project. 
Throughout the project we consistently used PLS1 regression in the Unscrambler. We found out that 
PLS1 is the correct setting to use when there is only one changing variable. If there is more than one 
variable the PLS1 regression will treat that as noise. This could explain why we encountered so much 
trouble once we started mixing the ions (two variables in the system). At the same time, we prepared 
our samples in a way that could enable us to treat one variable as constant. Despite that we believe 
that here PLS2 regression may have worked better as there are multiple variables.  
In our results for flow injection we can see that the data is well described after just one regression and 
the predicted vs measured fit a straight line almost perfectly. This is due to the fact that all of the data 
points are not independent, as they are taken from the same flow injection test. We can argue that 
since the data is not independent then using PCR (Principal Component Regression) is not accurate. 
Statistical tools usually require data to be independent. The argument for using it is, we assume that 
we are able to accurately make solutions. If the solutions are always accurate and the flow injection 
doesn't change, then we can conclude that following tests with the same ratio would give the same 
results. We are assuming that following samples are multiples of our current sample. Despite using 
this assumption we still need to have other samples with different ratios as otherwise the 
mathematical tool cannot find which ion is responsible for changing different parts of the spectra.  
We could see that some of our data points were far away from the rest of the points. We are aware 
that we should use statistical tools to determine outliers, for example by constructing a normal 
probability plot or boxplot. We decided to determine outliers by inspection and each time we removed 
up to three points, which we deem to be a relatively small amount of the data set. It was likely that it 
was due to experimental uncertainty, so we decided it was better to remove them rather than include 
them as noisy results.   
Arsenazo III is a dye that complexes with a number of metal ions. On the producer's webpage, 
magnesium is not included in the list of ions that react with Arsenazo III. Our interpretation is that the 
producer does not believe that this dye is useful for determination of magnesium. At the same time, 
while researching our project we read several articles in which Arsenazo III was used as a magnesium-
complexing agent (Cacho, Lopez-Molinero, Castells, 1987) (Rowat, Williams, 1989). During our 
experiment we observed that calcium and magnesium impacted the spectrum of the carrier 
differently. Magnesium would shift the 'bump' in 550-600 nm to the right, whereas calcium would 
cause a 'shoulder' on the right side of that bump. We noticed that magnesium required a higher 
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concentration (expressed in percentage, see Methods, Calibration, establishing working range 
section) than calcium to give a comparable result. That is the reason why we decided to work with 
calcium in the range 5 to 25%, and magnesium from 20 to 60%. At the same time, as we saw in the 
Results part, lower concentration of calcium meant larger influence of the noise on the result.   
We are aware that we could have set up the flow injection differently. First of all, the assumption that 
we can test fewer samples and take a number of measurements on the same flow injection peak is a 
crude method from the statistical point of view. It can only be used to increase accuracy of one sample 
(by taking average of several points on a peak), not considering them as independent measurements. 
Second of all, our setup required preparation of samples containing both calcium and magnesium. We 
assume that it gave us as accurate results as injection of the metal ions in different points of the carrier 
stream would. We believe that this solved a potential issue of timing in our setup. With simultaneous 
injection of both ions we did not have to worry about different degrees of dispersion of the two ions. 
Moreover, separate injections would require an automated system to make sure that the 
measurement is reproducible.  
It is important to know if our testing method is useful with the concentrations found naturally. To do 
that we can compare the ranges we were working with to ranges found naturally. Our stock solution 
of Ca was 339 ppm and 130 ppm Magnesium which we diluted about 100 times when we were working 
with the highest concentrations. The highest working concentration was around 4.5 ppm Ca and 2.6 
ppm Mg. The lowest concentrations we tested were 0.089 ppm and 0.054 ppm, Calcium and 
magnesium respectively. In Denmark the amount of calcium and magnesium differs highly, but the 
abundance in water usually falls between 70 and 530 ppm. These values are much higher than our 
working solutions. Therefore, if the concentration is to be tested with this method, it is necessary to 
first dilute the sample with deionised water.   
As mentioned in the Introduction, a good method for testing water has to be versatile. It has to be 
applicable on a large scale, in different environments and conditions. Because of that it should be 
relatively inexpensive and not very complex. We are aware that there are other methods available on 
the market that provide higher precision. However, flow injection (combined with the 
spectrophotometry) is a cheaper solution that doesn't compromise the quality. That is why we decided 
to work with the flow injection in our project. 
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Conclusion 
When we began our project we hoped that by the end we would be able to make a flow injection 
system able of determining the concentration of calcium and magnesium in a tap water sample. 
Whereas we did not reach the stage of testing water samples, we were still able to make some 
conclusions about the various aspects of our project.  
Our initial results using single ions showed promising results, it was only when we mixed ions and used 
flow injection that our results became inconclusive. It is likely that had we been able to create an ion 
free carrier that this method would have worked well.  
Even with the problems we faced we could still see that there was a correlation between 
concentrations and absorbance, so we can conclude that it is possible to use multivariate calibration 
to measure ion concentrations in multicomponent samples. If we were to repeat this project, we 
would use PLS2 regression in the Unscrambler when working with mixed ions. We might also use a 
different dye, for example Alizarin, Eriochrome Black T or PAR.  
We assume that this experimental setup would work well for testing water as long as the sample was 
diluted first. We experienced that testing water samples with flow injection was not difficult to set up 
and operate, therefore making it practical for measurements outside of the lab. We also experienced 
that the combination of flow injection and spectrophotometry works well. Flow injection allows for 
continuous measurement of relatively small amounts of sample which can be then measured 
frequently in spectrophotometer. 
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Appendix 
Appendix I: Tables of guideline values for chemicals that are of health 
significance in drinking water 
 
FIGURE 31: SOURCE: GUIDELINES FOR DRINKING-WATER QUALITY, FOURTH EDITION; WHO; 2011 
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FIGURE 32: SOURCE: GUIDELINES FOR DRINKING-WATER QUALITY, FOURTH EDITION; WHO; 2011 
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FIGURE 33: SOURCE: GUIDELINES FOR DRINKING-WATER QUALITY, FOURTH EDITION; WHO; 2011 
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FIGURE 34: SOURCE: GUIDELINES FOR DRINKING-WATER QUALITY, FOURTH EDITION; WHO; 2011 
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FIGURE 35: SOURCE: GUIDELINES FOR DRINKING-WATER QUALITY, FOURTH EDITION; WHO; 2011 
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Appendix II: Mechanism of the Red Tide program 
 
FIGURE 36: RED TIDE WORKING WINDOW 
Legend: 
1. Main display. Current example absorption spectrum. 
2. Flow injection plot. 
3. Generates spectrum in 1. based on settings in 10. 
4. Starts flow injection in 2.  
5. Time taken to generate 1. 
6. Number of measurements averaged to generate one spectrum in 1.  
7. Input for concentrations of samples. 
8. Wavelength to be displayed in 2. 
9. Display current spectrum or to set it as a reference (blank).  
10. Type of spectrum to be displayed in 1. 
11. Removes previous graphs from 1. 
12. Finds the maximum, multiple before and after values of the peak in 2. 
13. Save data from 1. or 12. 
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Appendix III: Other commonly used water purification methods  
Carbon Adsorption 
Carbon Adsorption is a very common method of water purification, especially in households, because 
of its ability to remove many chemicals, gases, microorganisms, eliminating bad tastes and odours 
from water. It does not, however, affect dissolved solids, hardness or heavy metals. Carbon filter 
systems use activated carbon to adsorb and remove impurities from the flow. Activated carbon 
consists of a matrix of millions of microscopic pores, and is created in a high-temperature process 
from various carbon-based materials. Due to the porous structure the filter has a large active surface 
area and hence high capacity and long 
life. The ability of a carbon filter to 
remove impurities depends on 
several factors, such as: type of the 
carbon, diameter of the pores, 
diffusion rate of organic molecules, 
and rate of water flow. Because of its 
inability to remove some 
contaminants (see Fig. 37), carbon 
adsorption is most often combined 
with other methods. (APEC 2015) 
Reverse Osmosis 
Reverse Osmosis is the most economical and versatile of here listed methods. It can remove 90% to 
99% of all impurities. In Reverse Osmosis purification systems, impure water is run through a 
semipermeable membrane under high hydraulic pressure. The tight pore structure of the membrane 
stops virtually all particles, bacteria and chemicals heavier than 300 Daltons molecular weight (5x10-
22 gram). The membrane 
also rejects ions and 
dissolved molecules by a 
charge phenomenon 
action: the stronger the 
rejection, the greater the 
charge. It can remove 
more than 99% of strongly 
ionised, polyvalent ions, 
but at the same, weakly 
ionised ions (like sodium) 
will not be removed as 
well (only 95%). Reverse 
Osmosis treatment can 
also purify water from nuclear radiation. The advantage of Reverse Osmosis is also its biggest 
drawback. Because of how tight the membrane is, it yields very slow flow rates. Process must be done 
in huge storage tanks, in order to yield reasonable litre per day rates. (APEC 2015) 
 
FIGURE 37: CARBON ADSORPTION. SOURCE: APEC 2015 
FIGURE 38: REVERSE OSMOSIS. SOURCE: APEC 2015 
